Analysis of mitochondrial DNA (mtDNA) variation has become a useful tool for human population studies. We analysed the first hypervariable region of mitochondrial DNA control region (position 16024-16383) in 92 unrelated individuals from Galicia (Spain), a relatively isolated European population at the westernmost continental edge. Fifty different sequences defined by 56 variable positions were found. The frequency of the reference sequence reaches in Galicians its maximum value in Europe. Moreover, several genetic indexes confirm the low variability of our sample in comparison to data from 11 European and Middle Eastern populations. A parsimony tree of the sequences reveals a high simplicity of the tree, with few and small well defined clusters. These results place Galicians on the genetic edge of the European variation, bringing together all the traits of a cul-de-sac population with a striking similarity to the Basque population. The present results are fully compatible with a population expansion model in Europe during the Upper Paleolithic age. The genetic evidence revealed by the analysis of mtDNA shows the Galician population at the edge of a demographic expansion towards Europe from the Middle East.
Introduction
Much has been learnt about human population history and evolution through genetic analysis, Europe being the most comprehensively studied area in the world. Until recently, most of the information came from what are known as 'classical genetic marker' studies, where the analyses were based on geographic variation of allele frequencies for expressed genetic polymorphisms. When genetic information has been widely available for a given geographic region and data has been properly handled (be it through genetic distances, principal components or other numerical tools) it has been possible to make interesting and innovative proposals about the knowledge of our past. The exhaustive compilation of Cavalli-Sforza et al 1 stresses the long standing interpretation of the genetic variation in Europe as being primarily shaped by the demographic impact of the Neolithic expansion. Besides this principal general pattern, some populations have shown genetic peculiarities (in the sense that they show clear differentiation from neighbouring populations) which can be understood in terms of differences in allele frequencies due to specific events of genetic drift in their history. This is the case for the Basques, Sardinians, Finns, Saami, Icelanders and several populations of the Caucasus. As drift is the main factor for the genetic differences of these populations in relation to their geographic neighbours, allele frequency comparisons may not inform us about the origin of a given population. Rather, they refer to the last drift episode (bottleneck, founder effect) which has taken place in population history, ie the last episode of isolation with a small sample size. However, the genetic origin of the population may be much older. This is what seems to be revealed in the analysis of other genomic regions, mostly DNA sequences. The amount of variation in sequences may be maintained through a bottleneck due to the fact that most genetic lineages (or representative of most phylogenetic branches) may survive through dramatic changes in population size while other sequences may be lost. Although some sequence studies exist for autosomic regions (see Ref 2 for important methodological developments), mitochondrial DNA (mtDNA) has been largely the molecule of choice for most of the recent studies, especially in Europe. Three partial and somewhat contradictory syntheses have been published recently on mtDNA variation and the origin of Europeans. [3] [4] [5] The present analysis tries to shed light on the general European genetic variation view by studying the westernmost European geographical edge (the Roman Finisterrae, the end of the Earth) through the analysis of the mtDNA hypervariable region I of the Galician population. Galicia is a region situated in the northwest extreme of the Iberian Peninsula ( Figure 1 ) with specific characteristics. Its geographical isolation from the rest of the Iberian Peninsula, in addition to its migratory patterns (with high emigration rates throughout centuries and almost no immigration), has preserved its identity, language, economy and especially its own cultural identity.
Within the Iberian Peninsula not only Galicia but also the rest of the Cantabrian Coast showed a specific pattern in prehistoric times. During Paleolithic and Mesolithic times, all the Cantabrian region was a very homogenous area, differentiated from the rest of Iberia. Ecological and nutritional resources were similar along all the North Iberian coast, richer than in the rest of the Peninsula. The Basques, outliers in the genetic landscape of Europe, as shown by classical genetic markers, 1, 6 are also located in this Cantabrian area. Moreover, Galicia seems to have been influenced by Atlantic cultures mainly during the first millennium BC 7, 8 and Celtic influences are still found in some cultural traits.
The proximity of the present population to the genetically well-known Basques and its peripheral position in European geography make Galicia especially interesting for the understanding of population affinities, history and for refining the geography of genetic variation in Europe.
Material and Methods

Population Samples
Blood samples were obtained from 92 healthy autochthonous unrelated individuals scattered through Galicia. DNA was extracted using a phenol-chloroform procedure 9 and quantified using a Hoefer DyNA Quant 200 Fluoremeter (Pharmacia, Uppsala, Sweden).
mtDNA Amplification and Sequencing
A semi-nested PCR was performed in order to amplify the first hypervariable segment of the mtDNA control region. The first amplification was carried out in a Perkin Elmer 480 A Thermocyler (Perkin Elmer, Foster City, CA, USA) using perature profile for 32 cycles of amplification at 95°C for  1 min, 55°C for 1 min, and 72°C for 1 min. A segment of 1021  base pairs was amplified using the L15997 (5'-CACCATTAG-CACCCAAAGCT-3')  10 and H408 (5'-CTGTTAAAAGTG-CATACCGCCA-3') 11 primers. The nomenclature of the primers refers to the light and heavy chains of the mtDNA (L or H), and the numbers identify the position of the primer 3' ends in the reference Cambridge sequence. 12 The second PCR amplification was performed using primers L15997 10 and H16401 (5'-TGATTTCACGGAAGGATGGTG-3'), 11 which amplified a fragment of 443 bp, with a temperature profile for 32 cycles of amplification of 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min. Positive and negative controls were checked in the PCR amplifications in order to detect possible contamination.
The PCR products were purified with MICROSPIN™ HR S-300 columns (Pharmacia Biotech, Uppsala, Sweden) before the cycle sequencing. The sequence reactions were carried out using the PCR Fentomol Sequencing Kit (Promega, Madison, USA) with 100 ng of template DNA and 0.5 µM of fluorescently labelled sequencing primers (L15997 and H16401). The sequencing profile for 10 cycles was, 95°C for 30 s, 55°C for 30 s and 70° for 90 s, followed by an extension cycle at 72°C for 5 min.
The sequence products were denatured with deionizide formamide and run in a 6% PAGE gel, and analysed in an ALF automatic sequencer (Pharmacia, Uppsala, Sweden).
Site 73 of the second hypervariable region has also been tested in 71 individuals under a more exhaustive analysis of mtDNA sequence (Salas et al, manuscript in preparation).
Computer Analysis
The alignment of the sequences obtained was performed using the CLUSTAL W (1.5) Multiple Sequence Alignment program. 13 The final information for each individual was a string of 360 characters belonging to the mtDNA hypervariable region I (HVI), from base position (16 024 to 16 383. 12 Sequences are available by e-mail on request to apimlase@uscmail.usc.es. For most calculations, the standard package PHYLIP 3.5c 14 was used, and some programs were specifically written.
To test the internal diversity of the sample, several parameters were computed. Nucleotide diversity 15 was estimated as (n/n-1) (1/l) Σ l i = 1 (1-x 2 i ), where n is sample size, l is sequence length (360, in the present study) and x i is the frequency of each nucleotide at position i. Similarly, sequence diversity was estimated as (n/n-1)
, where p i is the frequency of each of the k different sequences in the sample. Finally, Shannon's measure of information H, defined as H = -Σ p i log 2 p i (where p i is the sample frequency of the ith sequence), and H' (the ratio of H to its maximum value for a given sample size: -log 2 (l/n), where n is the sample size), 16 were calculated in order to measure the genetic diversity of the sample.
Pairwise difference distribution was computed, and the τ parameter from the two-parameter model of Harpending et al 17 Rao. 26 It is related to the pairwise difference distributions, which have been studied and modelled intensively. 17, 27 Standard errors were estimated by bootstrap. 28 Neighbour-joining trees were built from the distance matrix using the options NEIGHBOUR and DRAWTREE in the PHYLIP package and the robustness of the clusters found was estimated by bootstrap 29 using the option SEQBOOT in the same package.
Results
Sequence diversity
A total of 53 different sequences defined by 56 variable positions were found ( Table 1 ). All the polymorphisms observed in the sample were nucleotide substitutions, except for a deletion found in one individual of one A in the run of three As which goes from position 16 349 to 16 351. Of the 55 remaining variable positions, 50 were transitions, three were transversions and two presented both types of substitutions (positions 16 093 and 16 114). The variable sites present the following pattern: 41 T < -> C, 11 A < -> G, 2 T < -> G, 2 A < -> C, 1 A < -> T; 11.6:1 being the ratio between transitions and transversions. There is a clear bias in the proportion of the pyrimidine transitions (found 117 times across all sequences) with respect to purine transitions (found 24 times in all sequences). Nevertheless, this proportion is common in a large worldwide sequence set. 30 For all the positions, the most frequent nucleotide is that shown by the reference sequence, and only two positions present high levels of polymorphism: position 16 126 (T in the reference sequence) with a C in 11 individuals (12%), and position 16 311 (T in the reference sequence) with a C in 10 individuals (10.9%) in the sample.
It is interesting to note that 24 individuals presented the reference sequence, 12 the highest frequency (26.1%) observed in the whole set of populations used for comparison. Some of the remaining sequences were shared by a few individuals: three different sequences were found three times (9.8%), ten sequences twice (21.7%) and 39 individuals had unique sequences (42.4%); this represents a low level of variability within the sample and, phylogenetically, all sequences are closely related. mtDNA in Galicians A Salas et al Table 1 mt DNA sequences of the hypervariable region HV1 found in 92 Galician individuals, compared to Ref. 12 . Dots indicate identity with the reference sequence, and deletion is represented by a dash. N, indicates the number of individuals. Sequences are sorted according to the groups suggested by Richards et al. 4 The two last columns show the number of individuals (a total of 71) having an A or a G in position 73 of the hypervariables region HV2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2 5 6 7 8 9 9 1 2 2 2 4 6 6 6 6 7 5 4 9 2 6 3 4 4 4 6 9 5 2 3 4 9 2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 8 8 9 9 9 0 1 1 1 1 1 2 2 2 2 3 3 3 4 9 2 3 5 7 3 6 7 8 9 1 2 3 4 4 5 9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3 4 4 4 4 5 6 7 7 8 8 9 9 9 9 9 9 9 0 0 1 2 3 6 1 0 8 7 8 1 2 3 4 5 6 8 4 Table 2 , present very low values in comparison to other European populations, reflecting again the phylogenetic simplicity in the mtDNA variation. The values obtained for these parameters show a clinical gradient from West Asia to Western Europe, with Basques and Galicians being the populations with the lowest diversity levels.
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Tree of Sequences: Maximum Parsimony
A maximum parsimony tree was built in order to observe the phylogenetic structure in the sampled sequences. Among all the possible maximum parsimonious trees, we represent in Figure 2 one which has a maximum number of sequences stemming from the most frequent substitutions (16 126 and 16 311). 31 Dark squares represent the intermediate steps not found in the present sample. In some cases more than one most parsimonious path leading to a sequence is shown. In this case some of the groups of sequences described by Richards et al 4 can be easily recognised. Nevertheless, we do not find strong support for any of the possible paths that may have generated these specific sequences.
Most of the sequences in the tree stem directly from the reference sequence, with a few further mutations leading to other lineages. This high frequency of the reference sequence and the low number of substitutions that link it to many of the other lineages in Galicia is consistent with the clinal variation observed in Europe with higher values in Western Europe. 31 Despite the simplicity of the tree and the lack of a robust structure, some clusters should be mentioned:
(a) the C in position 16 126, which defines a small cluster of sequences in the tree, has been found to be polymorphic in European and West Asian populations and its frequency is clinal along Europe: from 50% in the Middle East to 7.5% in Basques. In the Galician population this polymorphism is present in 12% of the individuals sampled. This cluster of sequences corresponds to group 2 according to Richards et al, 4 (b) The C at position 16 311 has a worldwide distribution with a high frequency in African populations. Its frequency in European populations is estimated to be around 20% 31 and its frequency in Galicia is 10.9%. No clear geographic patterns mtDNA in Galicians A Salas et al t Table 2 Sequence divergence. Population sources: Galician (present study), Basque, 18, 19 Welsh, 4 Portuguese, 19 Cornish, 4 Bavarian, 4 Northern German, 4 British, 20 Spanish, 19, 21 Tuscan, 22 Turk, 4, 23, 24 Middle Easters. 25 Most of the 53 different sequences present a single change compared to the reference sequence, whereas only four differ in six positions (Figure 3 ). If we consider the possibility that the reference sequence is the ancestor of all the sequences, and assume that mutations accumulate in a Poisson process, 32 the number of mutations relative to the reference would follow a Poisson distribution. From the sequences stemming from the reference by a single mutation, sequences have accumulated a further mean λ = 1.33 mutations. As shown in Figure 3 , Galician sequences do not fit a Poisson distribution with such a high λ value ( 2 = 17.83, d.f. = 5, P = 0.003), having a clear overrepresentation of sequences with several substitutions. This could easily be understood if some variation had already existed in the founders of the Galician population. This fact is also supported by the sharing of Galician sequences (SEQ22, SEQ28, SEQ31, SEQ40, SEQ42, SEQ43 and SEQ47) by other European populations used for comparison. Nevertheless, the high frequency of the reference sequence in the present population is probably due to its high frequency in the founding population.
This lack of a branched structure and the star-like phylogeny found are compatible with a recent expansion of the Galician population 33 and therefore, except for the deeper clusters found, most of the new haplotypes should have been produced in situ in recent times.
Pairwise Differences
The mean pairwise difference in Galicians is 3.13, a value slightly higher than the value found in Basques and lower than the rest of European and West Asian populations (Table 2 ). This value is merely the result of the low diversity of the Galician population, its lack of a complex tree structure and the phylogenetic proximity of its sequences. As shown in Table 2 , a clinal decrease of this value is patent from the Middle East to the Basques and Galicians. This decrease towards Western Europe is compatible with an ancient expansion from the Middle East to the Atlantic coast, reaching Galicia, one of the last edges of the European continent, in the last steps of the putative expansion. Other populations in the European far west, such as the Welsh, also fit in this pattern.
The Galician pairwise difference distribution, Figure 4(A) , is clearly bell-shaped as expected in populations which have experienced a sudden expansion 27 with a peak at only two differences. This empirical distribution is very robust, as shown by the small errors of the different values estimated by 1000 bootstrap From the observed distribution, the τ parameter, related to time since the putative expansion, can be estimated from the theoretical model proposed by Harpending et al. 17 In the present population this τ value is estimated to be 1.913 ± 0.045 (standard error computed from 1000 bootstrap iterations), the lowest value found in the European and West Asian populations (Table 3) . As the theoretical model proposes, τ would increase with time after the expansion of the populations. In Figure 4 (B), several European and West Asian pairwise difference distributions are shown. It can be seen that the peaks of the Western European populations remain at the left-hand side of the graph, whereas the West Asian populations tend to the right. The order of the peaks in the figure from left to right is Galician and Basque (with a very similar distribution), British, Tuscan, Turk and Middle Eastern. This pattern is highly correlated with the geographical position of the populations analysed. Again, the extreme position of Galicia within the European framework is shown.
Population Tree
Genetic distances between European and West Asian populations were calculated and a neighbour-joining tree was constructed. Its robustness was assessed by 1000 bootstrap iterations ( Figure 5 ). The tree displays West Asian populations (Middle East and Turks) at one edge, Galician-Basques-Welsh at the opposite end, and the rest of the populations in between. The robustness of the tree is especially strong at these two edges where over 64% of the bootstrapped trees are found: Middle East and Turks have a bootstrap support of 64.3%, Galician and Basque, 66.8%, and Galician, Basque and Welsh, 68.9%. As seen before, in the present tree a geographic gradient from the Middle East to the West Atlantic populations is also shown. However, it is worth stressing the position of the Spanish population, closer to Central European groups than to the other two north Iberian groups. This fact might be due to an important bias as a result of grouping five different small samples from Spain in a single group of 89 individuals: 30 from northern Spain, 15 from Catalonia, 15 from Andalusia, 11 scattered throughout Spain, 19 and 18 Spanish mainlanders from different regions. 21 When a neighbour-joining tree is built with these groups considered separately (data not shown), only one of the sub-samples (15 Andalusians) is close to the West Asian groups. This fact produces the displacement of the total Spanish group to the central part of the tree. It will be interesting to clarify this point in the future.
Site 73 in Hypervariable Region II
It has been suggested 34 that the nucleotide at position 73 of the hypervariable region II is a keystone in interpreting the European variation, as lineages carrying an A at this position would be strongly related to a cluster stemming from the reference sequence (called group 1 4 and group H, 35 ) whereas the rest of the lineages would carry a G at this site with few exceptions. 35 The present results (see right-hand columns of Table 1 
Discussion
The present results are fully compatible with an expansion population model in Europe during the Upper Paleolithic 5 which probably implies the replacement of the Neanderthals by anatomically modern humans. They show the extreme similarity between the two populations situated at the edges of the Cantabrian region (Galicians and Basques), which has been repeatedly shown by archaeologists to be a very homogenous area in prehistoric and mainly Paleolithic times. 36 Allele frequency data, nonetheless, tended to show important differences between these two populations.
The present results show that Galicians present a very low genetic diversity compared with the rest of the European populations. This is shown by the low nucleotide diversity, low sequence diversity and low Shannon index value. Moreover, the mean of the pairwise difference distribution is one of the lowest in Europe, and the frequency of the reference sequence reaches its maximum value in the present population.
The low genetic diversity indexes, the low mean pairwise differences, the simple maximum parsimony tree, the distance matrix between populations and the neighbour-joining tree of populations are compatible with an expansion into Europe from the Middle East, with Galicia at the edge of it. Figure 4B shows that the pairwise difference distributions in Europe and West Asia are compatible with a relatively recent population expansion.
All results are in accordance, as postulated by Comas et al, 5 with an expansion wave from the Eastern European populations to the West. The τ values obtained from the Harpending model 17 allows us to estimate this expansion for the Galician region between 13 000 and 26 000 years ago, depending on the mutation rates used. There is some debate on the mutation rate values for the control region of the mtDNA, 37 with recent family data giving higher values than those obtained phylogenetically. 10, 38 Archaeological data shows that the expansion of the Aurignacian culture from Central Europe to the Cantabrian area was very fast 39, 40 and therefore it is unlikely that the cultural expansion would have been related to a demographic expansion and substitution. The demographic replacement of the area should have been posterior to the cultural replacement of the initial Upper Paleolithic, and it was homogenous in all of the Cantabrian coast. This replacement might be dated around the Last Glacial Maximum (LGM) -the Solutrean period 18 000 years ago 41 -when environmental conditions contributed to the isolation of groups. This isolation was postulated to have been particularly strong amongst the Basque population but now it also appears clearly in all the narrow Cantabrian littoral. The availability of marine resources in the Cantabrian coast and the relatively hospitable physical environment during the LGM allowed a relatively high population density in the area. 42 The striking genetic similarity between Galicians and Basques at the mtDNA level may seem difficult to match with the great differences found in allele frequency studies with classic genetic markers. 6, 43 Nonetheless, different sources of genetic data may explain different population events, and be compatible beyond apparent discrepancies. Allele frequencies are deeply affected by drift when population size is small and the stochastic nature of drift is likely to accumulate differences through time. Sequence composition, on the other hand, is much less prone to be influenced by population size and thus both populations could have had a similar origin in the late Upper Paleolithic. The passage of time until the late Neolithic growth would have allowed the two populations to diverge in allele frequency terms, preserving nonetheless the same basic mtDNA composition which does not seem to have much altered later in time.
In the specific case of Galicia, some archaeological events may be worth considering, keeping in mind that the whole Cantabrian area seems to have had a common heritage in prehistory. The effect of the Neolithic may now be envisaged as having had a poor population substitution in Atlantic Europe according to the availability model, 44 especially in the Cantabrian region. 45 Another important archaelogical event, often referred to as 'Celtic influences' in Galicia coming from the North Atlantic coast during the first millenium BC seems to have been produced by an elite contact with a small demographic effect. 7, 46 Nonetheless, only if the migration had been quantitatively important could it have been detected by the present analysis due to the high homology of the mtDNA in the Atlantic European populations as a result of the Paleolithic expansion from the Middle East.
The genetic analysis of single populations may help not only to reconstruct the patterns of human history mtDNA in Galicians A Salas et al t but also, as in the present case, to understand discrepancies between different genetic analyses.
